Host plant resistance has been widely used for controlling the major rice pest brown planthopper (BPH, Nilaparvata lugens). However, adaptation of the wild BPH population to resistance limits the effective use of resistant rice varieties. Quantitative trait locus (QTL) analysis was conducted to identify resistance-breaking genes against the anti-feeding mechanism mediated by the rice resistance gene Bph1. QTL analysis in iso-female BPH lines with single-nucleotide polymorphism (SNP) markers detected a single region on the 10th linkage group responsible for the virulence. The QTL explained from 57 to 84% of the total phenotypic variation. Bulked segregant analysis with next-generation sequencing in F 2 progenies identified five SNPs genetically linked to the virulence. These analyses showed that virulence to Bph1 was controlled by a single recessive gene. In contrast to previous studies, the genefor-gene relationship between the major resistance gene Bph1 and virulence gene of BPH was confirmed. Identified markers are available for map-based cloning of the major gene controlling BPH virulence to rice resistance.
Introduction
Host plant resistance is an effective, economic and environmentally friendly approach to control crop pests. Among a large number of commercial rice varieties (Oryza sativa) resistant to rice insect pests, varieties that are resistant to the brown planthopper (BPH, Nilaparvata lugens (Stål)) are representative in their long history of breeding and successful application in the field [1] [2] [3] [4] [5] . More than 20 resistance genes to BPH have been identified from landrace cultivars and wild Oryza species [5] , and the anti-feeding effects of these genes are highly valuable resources in breeding rice varieties resistant to BPH [4] .
BPH is the most damaging insect pest of rice and causes severe yield losses by direct feeding and viral transmission of serious diseases [6] . While rice resistance to BPH has played a main role in the integrated control strategies for this pest throughout East and Southeast Asia [4] , the development of new BPH 'biotypes' to overcome the resistance of these rice varieties in the field has threatened the deployment of resistant varieties and new rice breeding programmes [1, 4, 7, 8] . For example, IR26, the first commercial resistant rice variety carrying Bph1 released in 1973 became susceptible after only a few years due to the emergence of local populations that conquered the anti-feeding mechanism of this variety [9, 10] . The wild BPH population can adapt to resistant varieties of rice within seven to 10 generations when selected on those varieties [11, 12] . The resistance genes Bph1 and bph2 have almost lost their resistance in the field owing to the development of virulent 'biotypes' of BPH. However, Bph3 and bph4 still possess practical resistance to some of the local BPH populations in Asia [5, 13] . The longer lasting resistance of these genes reflects variation in the adaption ability of BPH populations to resistance genes. Therefore, the breeding and deployment of & 2014 The Author(s) Published by the Royal Society. All rights reserved.
new resistant rice varieties should be considered in the context of genetic and physiological mechanisms of BPH adaptation to rice resistance [7, 14] .
Several genetic analyses of BPH 'biotypes' have been conducted, and most of the studies have suggested polygenic control of BPH virulence to rice resistance genes [15] [16] [17] . The recessive nature of the virulence to Bph1 was also reported [11, 16] . Although the polygenic control of BPH virulence to resistant rice is partially explained by the high genetic diversity of BPH populations in the field [7, 15, 16] , the mechanical uniqueness in BPH virulence to resistant plants has not been clarified.
Bph14 is a BPH resistance gene that encodes an immune receptor of the NBS-LRR (nucleotide-binding site-leucinerich repeat) family of proteins and is a typical resistance gene for rice disease pathogens [18] . The discovery of the similarity in genes mediating BPH resistance and pathogen resistance, indicating typical gene-for-gene interaction, facilitated the opportunity to reconsider the BPH-rice resistance relationship [19] . Understanding the genetics and molecular mechanism between rice resistance and BPH virulence will lead to new agricultural solutions for controlling this serious rice pest [8, 14] .
In this paper, we re-examined the inheritance of the BPH virulence to the resistance gene Bph1 using iso-female lines of the BPH population and near-isogenic rice varieties. Next, quantitative trait locus (QTL) analysis was conducted to identify the responsible regions for the virulence on the BPH genetic map. Our purpose was to verify whether BPH virulence can be explained using a polygenic or monogenic theory-i.e. whether a gene-for-gene relationship is established between rice resistance and the corresponding BPH virulence [15] . Finally, to directly identify molecular markers linked to the putative virulence gene vBph1, bulked segregant analysis and next-generation sequencing (NGS) technologies were applied [20, 21] . These systematic applications of genetics against BPH virulence to rice resistance contribute to understanding the nature of BPH 'biotypes' that has long been ambiguously discussed [7, 12, 15, 16, 17, 22] .
Material and methods (a) Rice varieties
The japonica rice variety Saikai190, which carries the dominant Bph1 gene originating from the indica rice landrace Mudgo, was used as the resistant rice [3, 23, 24] . Koshihikari, which carries no resistance gene, was used as the control variety. Ten rice seeds were grown in a seedling case (155 Â 60 Â 100 mm) for 40 days at 258C and used for the virulence tests of BPH.
(b) Production of inbred brown planthopper lines and crossing
The Izumo87 strain, collected in Izumo, Shimane Prefecture, Japan, in 1987, was full sib-mated for 10 generations (I87i) on Koshihikari to increase the homozygosity of the stock. I87i was tested for a virulence to Bph1-mediated BPH resistance. The Chikugo89 strain, collected in Chikugo, Kumamoto Prefecture, Japan, in 1989, was also full sib-crossed for four generations (C89i) on the resistant variety Saikai190 possessing Bph1 to increase the homozygosity and fix alleles related to the virulence. A virulent C89i virgin female was crossed with an I87i male in a test tube for F1 generations (F1-A-E). Seven populations of F 2 generations were obtained by crossing one F 1 female and one F 1 male from the same parent pairs (F 2 -A, B and G are from F 1 -A; F 2 -C-F are from F 1 -B). BF 1 progenies (F 1 Â I87i) were also generated to merge our new molecular markers to previously published genetic markers [25] . All the parents and hybrid progenies were reared on Koshihikari at 258C under a 16 L : 8 D light regimen.
(c) Evaluation of virulence and DNA extraction
The Parafilm sachet test was applied to evaluate the individual virulence of the BPH after slight modification from the original test [17, 26] . A sachet (50 Â 25 mm) made from Parafilm (Bemis Flexible Packaging, Neenah, WI, USA) was attached to the leaf shelf of a Saikai190 rice plant. A female adult 2 -3 days after eclosion was released in each sachet for 48 h. The quantity of honeydew excreted by each adult was measured using a microbalance (Shimadzu, Kyoto, Japan), and its pH was checked using pH indicator test paper (902 10; Macherey-Nagel, Dü ren, Germany). The pH determination was based on the BPH feeding behaviour on resistant rice on which the virulent individuals intake phloem sap and excrete a large volume of alkaline honeydew ( pH . 8), whereas avirulent individuals excrete a small volume or no volume of neutral honeydew because they can feed only on xylem sap [6] . To analyse the segregation of the virulence in F 2 generations, each adult female was classified as avirulent or virulent based on the quantity of honeydew with the threshold of 10 mg/48 h or 20 mg/48 h, or pH of the honeydew with the threshold of 7.2. Genomic DNA from all individuals who underwent the Parafilm sachet test was extracted using a modified method by Livak [27] , followed by whole-genome amplification using GENOMIPHI v. 2.0 (GE Healthcare, Little Chalfont, UK).
(d) Development of single-nucleotide polymorphism markers and genotyping
Total RNA from the I87i strain (adults, nymphs and eggs) or C89i strain (adults and nymphs) was extracted using the RNeasy Plus Mini Kit (Qiagen, Hilden, Germany) and analysed by RNAseq (whole-transcriptome shotgun sequencing) on the Hiseq2000 platform (Illumina, San Diego, CA, USA). In total, 59.8 and 35.6 million paired-end, 101-base reads were obtained for I87i and C89i, respectively. To construct reference transcripts, raw read data from the I87i strain were subjected to de novo assembly using Trinity (release 17 March 2012) [28] and 79 824 assembled contigs were obtained larger than 200 bases, totalling 68 328 832 bases. Individual raw reads from each strain were separately mapped to the reference contigs in silico using BWA (v. 0.6.1) [29] . Single-nucleotide polymorphisms (SNPs) between two strains were identified using SAMTOOLS/BCFTOOLS (v. 0.10.12a) software [30] . SNPs and surrounding genomic sequences [25] were subjected to primer design for the MassArray genetic analysis system (Sequenom, San Diego, CA, USA). The MassArray system genotypes individual SNPs by measuring nucleic acid variations using mass spectrometrybased technology. Suitable primers harbouring SNPs were used for the individual genotyping of the F 2 -C (27 individuals), F 2 -E (54 individuals) and BF 1 (92 individuals) populations.
(e) Single-nucleotide polymorphism data analysis, construction of the genetic linkage map and quantitative trait locus mapping
Genotypic data obtained by the MassArray system were filtered to exclude SNP markers with statistically irregular segregation in F 2 populations (x 2 test; p , 0.01) and then were analysed using JOINMAP v. 4.1 [31] to determine the linkage groups and order of the markers. To identify the linkage groups corresponding to the 17 linkage groups of BPH [25] , 92 simple sequence repeat (SSR) rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20140726 markers were selected from the literature and genotyped with BF 1 progenies. After generating a consensus genetic linkage map with framework SNP marker sets, QTL analyses were conducted using CARTOGRAPHER v. 2.13 with the composite interval mapping method [32] . The total honeydew weight or the honeydew quality (alkaline or neutral) was used as phenotypic data. The significant logarithm of odds (LOD) threshold value for each treatment to determine QTLs was estimated using a simulator implemented in CARTOGRAPHER with 1000 permutations.
(f ) Bulk segregant analysis with next-generation sequencing
To directly survey SNP markers near the detected QTLs, association analysis was performed using bulk DNA from the F 2 populations [20, 21] figure S1 ). Genotyping of 92 published SSR markers and 191 SNP markers in the BF 1 population connected our new linkage map to the published map successfully [25] (electronic supplementary material, table S4). Linkage groups 16 and 17 in the paper were merged to our linkage groups 9 and 15, respectively. Therefore, the total number of linkage groups in the new BPH genetic map was reduced to 15, the same number as the chromosomes of this species [33] . Because of the very low recombination frequency in the BF 1 population, the location of SSR and SNP markers in each chromosome could not be analysed.
(c) Detection of quantitative trait loci QTL analysis involving 123 SNP markers detected significant regions associated with the virulence of BPH to Bph1-mediated rice resistance (figure 2). In both phenotypes (weight or pH of honeydew), the marker S001204 was identified as the closest for the two populations (F 2 -C or F 2 -E; table 2). The markers VLS00 and S001204 used in QTL analysis were regarded as one marker, because both were found in the same assembled contig. QTLs in linkage group 10 were reanalysed with five VLS markers from the combined data of two populations, F 2 -C and F 2 -E ( figure 3a) . Graphical genotyping in two F 2 populations revealed that vBph1 was located on the 1.8 cM genomic region flanked by SNP markers VLS01 and VLS05 of linkage group 10 (figure 3b,c).
Discussion
Re-examination of the genetic analysis of BPH virulence to the major rice resistance gene Bph1 suggests that virulence is controlled by one major gene, as supported by the following evidence. First, the manner of inheritance for the virulence to Bph1 followed the typical Mendelian inheritance of a single recessive gene. Second, QTL analyses identified a single unique region on linkage group 10 of the BPH genome responsible for the virulence. Third, SNPs identified by the bulk segregant analysis in F 2 populations were strongly linked genetically to the individual phenotypes of virulence. These findings provide new insight into the genetics of the BPH virulence to resistant rice because previous studies have concluded that virulence is polygenically controlled [15 -17] . In those studies, progenies in virulent/avirulent hybrids did not show typical segregation ratios for the virulence to resistant rice varieties. It has been suggested that the cause of indefinite segregations in the genetic analyses of BPH virulence is due to the polygenic nature of the physiological traits or the genetic heterogeneity of parental 'biotype' populations [15, 16] . Our different conclusion regarding the genetics of BPH virulence from that of previous studies seems to largely depend on the purity of the biological materials and accurate evaluation of virulence. Our inbred strains originated from a single pair of parents from the stock population. The strong bottleneck at the initial isolation and following successive full-sibling matings are expected to result in decreased genetic diversity of the strains, much lower than that of wild populations. Loss of virulence to Bph1 in our F 1 populations confirmed the results of previous studies that reported the recessive characteristics of the virulence [11, 16] . The selection pressure on rice resistance during sib-crosses would rapidly exclude genetically avirulent individuals from the C89i strain and homogenize the recessive alleles of the virulence gene(s). In addition, all seven pairs of F 2 populations in our experiments showed a 1 : 3 ratio of virulence to avirulence, indicating that virulence was mediated by a single recessive gene. Detection of the same single QTL for virulence in two F 2 populations and the success of bulk segregant analysis with DNA pools from five F 2 populations demonstrated that these populations shared the same single virulence gene, which was homozygous in the parents. These results support the major gene hypothesis in BPH virulence to Bph1 rice resistance. Further studies are needed to determine whether additional genetic factors in wild BPH populations affect the virulence to Bph1. The virulence test in this study has an advantage over the traditional Parafilm sachet test by Pathak et al. [26] , because a reasonable interpretation of the phenotype is adopted to assess the individual virulence. Tanaka [17] specified that a honeydew quantity threshold of 10-20 mg/48 h used in the test is critical for the development and oviposition of adult females, while a quantity greater than the threshold showed no biological effect on the individual. The qualitative nature of the BPH virulence was also confirmed by assessing the quality of honeydew. BPH excretes two types of honeydew after phloem and xylem ingestion [34, 35] , which can be distinguished by pH [36] because the phloem sap in higher plants is more alkaline ( pH 7.8-8.4) than xylem sap ( pH 5.4-6.5) [37] . When we classified our avirulent/virulent individuals, grouping by the threshold of 10 mg/48 h in total honeydew production was almost identical to grouping by pH (table 1) . This result is in agreement with previous reports that female adults excreting less than 10 mg of honeydew cannot take in sufficient nutrition for ovary development [17] . Individual virulence to Bph1 should be interpreted as a qualitative characteristic of BPH virulence to resistant rice.
The major gene theory in BPH virulence can well explain the behavioural characteristics of the BPH responses to resistant rice varieties. According to the studies using electrical penetration graphs, BPH on resistant rice shows no difficulty in the insertion of stylets or in reaching the vascular bundles; however, phloem ingestion on resistant rice is not sustained [8, 35, [38] [39] [40] . In fact, the principal defence mechanism of resistance genes is to cause direct or indirect inhibition of feeding behaviour although inhibition of feeding behaviour has multiple effects on BPH, including lower survival, prolonged nymphal periods, lower weight and reduced oviposition [8, 23, 41, 42] . Even if a simple genetic mechanism mediated by a major virulence gene controls the qualitative difference in BPH responses between 'biotypes', this genetic parsimony might have been masked in wild BPH populations by high levels of genetic diversity and/or heterogeneity [7, 22, 23, 43] .
Bph1 is dominant to susceptibility to BPH, and its resistance is specific to BPH [3] . The combination of a dominant resistance gene in rice and a recessive gene to virulence in BPH indicates the establishment of a gene-for-gene relationship between the two species. The gene-for-gene relationship first proposed in phytopathology has been applied to this day to explain the evolution of interactions between general hosts and parasites [44] [45] [46] [47] , including some pest insects [48] . In this theory, resistance occurs only when both a gene for resistance in the host and a gene for avirulence in the parasite are present. This interaction is the result of coevolution between host resistance and parasite virulence. Most of the pathogen-resistance genes isolated under this theory are known to be NBS-LRR-type proteins that are used as receptors for pathogen detection [47] . Notably, Bph14, the first BPH resistance gene isolated from rice, also encoded an NBS-LRR protein [18] . Possible molecular mechanisms were proposed based on the hypothetic receptor-effector interaction between rice and BPH [19] . Our result supports the presence of a BPH effector that interacts with the rice resistance gene Bph1 in the gene-for-gene relationship.
The traditional concept of a BPH 'biotype' to resistant rice has been under debate regarding gene-for-gene relationships [7, 22, 49, 50] . A field BPH population and inbred 'biotype' stocks show considerable variations in virulence that overlap between each other [7] , and the 'biotypes' of BPH are known to be polygenically determined [15] [16] [17] . However, genetic variations in a BPH 'biotype' or polygenic effects of their virulence do not prevent the formation of a gene-for-gene relationship between rice and BPH for two reasons. First, all interactions between species involve both gene-for-gene relationships and polygenic relationships, and different environmental conditions can magnify or mitigate the genefor-gene effects in the population structure [45] . Second, the development of new 'biotypes' against host plants reflects a directional change in the virulent allele frequency in genetically variable populations, rather than the emergence of a new gene [50] . In the case of BPH resistance in rice, the uneven distribution of resistance genes in local rice cultivars indicates that the sources of the rice resistance genes were the specific regions around Sri Lanka and southern India [1] . Local BPH populations in Sri Lanka also show a wide difference in virulence, and they are closely adapted with their host variety [51] . Therefore, rice resistance to BPH and the corresponding BPH virulence to rice likely coevolved within small geographical areas of this region and would represent the origin of the interaction between a rice immune receptor (R gene) and a specific BPH factor (V gene) [19, 52] . Gene flow, along with the spread of the rice cultivation and natural selection on dominant or resistant rice varieties, has led to the occurrence of variants adapted to specific rice varieties, called BPH 'biotypes' [43] . However, specific receptor-effector interactions that coevolved in the past may play a critical role between individual rice resistance and corresponding BPH virulence observed currently. Our experiments with iso-female BPH lines could shed light on one of the rice gene-for-BPH gene relationships hidden in the current field BPH populations due to a high level of genetic diversity and heterogeneity.
Isolation of the 'virulence' gene and functional analysis of the resistance-breaking mechanism at the molecular level will be crucial for understanding BPH adaptation to resistant rice [19] . Clarifying the resistance-breaking mechanism of BPH also contributes to deciding rice breeding objectives [8, 14] . Major gene control of BPH virulence can explain why rice resistance by the single major gene Bph1 had a short-lasting effect on BPH control in the field [9, 10] . Monoculture of the single resistance gene Bph1 in the rice field would rapidly change the gene frequency of the corresponding virulence gene vBph1 in the wild BPH population, leading to the emergence of a new 'biotype' in a short time. Pyramiding of known resistance genes in commercial rice varieties seems to be insufficient to prevent the development of new virulent populations in the field unless the resistance-breaking mechanism of BPH to each resistance gene was considered [8, 14] . Identifying BPH virulence factors to resistant rice will contribute to the establishment of new strategies for efficient use of rice gene resources.
